HIV-1 gp41 MPER is a target for inducing broadly neutralizing antibodies. Results: Gp41 int folds into a compact elongated structure that induces neutralizing antibodies upon immunization. Conclusion: Presentation of gp41 int in a lipid environment is beneficial to induce neutralizing antibodies. Significance: Membrane-anchored gp41 int is a promising antigen to improve breadth and potency of anti-gp41 antibody responses.
modest lipid binding, indicating the presence of MPER-specific antibodies. Although the neutralization potency generated solely by gp140 CA018 was higher than that induced by gp41 int -Cys, the majority of animals immunized with gp41 int -Cys proteoliposomes induced modest breadth and potency in neutralizing tier 1 pseudoviruses and replication-competent simian/ human immunodeficiency viruses in the TZM-bl assay as well as responses against tier 2 HIV-1 in the A3R5 neutralization assay. Our data thus demonstrate that liposomal gp41 MPER formulation can induce neutralization activity, and the strategy serves to improve breadth and potency of such antibodies by improved vaccination protocols.
The initial antibody response following acute HIV-1 10 infection arises ϳ13 days following the onset of viremia and is targeted to the gp41 region of the envelope glycoprotein (Env) (1) . Although these antibodies are highly mutated and polyreactive (2) , they are non-neutralizing and do not select for escape variants (3) . Neutralizing antibodies (nAbs) appear only months after infection when the antigen-specific B cells have undergone multiple rounds of somatic hypermutation. The quest for new broadly neutralizing antibodies (bnAbs) over the last few years revealed that a substantial percentage of HIV-1-infected individuals eventually develop broad and potent neutralizing antibodies that act against a large variety of strains. These bnAbs map to four major antigenic sites on Env, including the CD4 binding site (4 -9) , the V1-V2 loop-specific antibodies that recognize glycopeptides (10 -13) , glycan V3-directed antibodies (11) , and the membrane-proximal external region (MPER) of gp41 (14) . A common feature of these bnAbs is their high extent of somatic mutations, a prerequisite to achieve broad neutralization and high potency (15) .
The MPER is an attractive target because it is a highly conserved, tryptophan-rich region that plays a critical role in membrane fusion and virus infectivity (16 -18) . Anti-MPER antibodies 2F5, Z13e1, 4E10, and 10E8 target overlapping linear epitopes within MPER (14, 17, 19 -24) . The nAbs 2F5 and 4E10 contain hydrophobic heavy chain CDR3 residues that mediate lipid binding (25, 26) and are required for neutralization (27) (28) (29) (30) . This potential polyreactivity, which may be distinct from pathogenic autoantibodies (31) , was suggested to be a major hindrance to induce such antibodies because of their natural elimination through B cell tolerance mechanisms (32) (33) (34) . The most potent anti-MPER antibody, 10E8, was initially reported to lack autoreactivity (14) , but a recent study challenges this and demonstrates modest 10E8 membrane binding activity (35) . However, 10E8-like activity is found in a large number of patient sera with broad neutralizing activity, demonstrating that not all anti-MPER antibodies undergo clonal deletion (14) , which is in contrast to other studies suggesting that bnAbs to the MPER are rare in infected patients or vaccinated naïve individuals (36 -39) . Further underlining the importance of anti-MPER antibodies, passive immunization strategies containing nAbs 2F5 and 4E10 protected animals from SHIV infection (40) .
A main target of anti-MPER antibodies is a fusion intermediate conformation of gp41 (35, 41, 42) that forms during the receptor binding-induced transitions from native Env (43) (44) (45) (46) to the postfusion conformation (47) (48) (49) (50) . The interaction with a transitional state of Env is further supported by the interaction of nAb Z13e1 with the open CD4-induced Env conformation (51) . MPER may become membrane-embedded during entry, and it has been suggested that anti-MPER antibodies extract the epitopes from the bilayer (52, 53) .
A number of vaccine approaches targeting the gp41 MPER have been attempted to elicit bnAbs (for a review, see Ref. 54 ). These include the generation of structurally stabilized peptides, scaffolds, or chimeras (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) ; chimeric virus or virus-like particles by engrafting the MPER antibody epitopes onto other viruses (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) ; gp41 fusion proteins (79 -84) ; and liposomes containing MPER peptides (85) . Different prime-boost strategies with peptides, DNA, and whole Env protein have also been explored in these studies. Although the described immunogens induced antibody titers to gp41, only a few studies demonstrated modest neutralization activity depending on the neutralization assay used. Notably, guinea pigs immunized with virus-like particles carrying chimeras of gp41 and hemagglutinin produced sera with modest neutralization of selected tier 1 and tier 2 pseudoviruses using the stringent TZM-bl assay (65) . Furthermore, immunization of llamas with gp41 proteoliposomes led to the isolation of an anti-MPER nanobody that neutralized a small number of tier 1 and tier 2 viruses as a bihead (86) . Other studies indicate that the postfusion conformation presenting MPER is capable of inducing neutralizing antibodies (87, 88) , consistent with the finding that mAb 10E8 interacts with this conformation in vitro (35) .
Here we structurally characterized the intermediate conformation of gp41 (gp41 int ) and coupled it covalently to liposomes, which were then administered alone or in combination with soluble gp140 in guinea pigs. Immunization was performed with a mixture of two adjuvants, Carbopol-971P and MF59, that preserved the liposomal structure prior to immunization. Analyses of the postimmune sera demonstrated strong gp41specific IgG responses, the presence of antibodies targeting MPER, and neutralizing activity against a panel of tier 1 and tier 2 HIV-1 viruses. Our study thus indicates the benefit of a membrane environment in the induction of neutralizing antibodies by gp41 int .
EXPERIMENTAL PROCEDURES
Ethics Statement-The animal study was carried out in strict accordance with the United Kingdom Animals (Scientific Procedure) Act 1986, and the protocol was approved by the local Ethical and Welfare Committee of the University of Cambridge and the United Kingdom Home Office (Project license number 80/2238).
Recombinant Gp140 Purification-HIV-1 gp140 CA018 is an A/G recombinant subtype Env derived from a Cameroon patient. The gp140 glycoprotein was purified using a published protocol with Galanthus nivalis agarose affinity column followed by diethylaminoethyl-Sepharose and ceramic hydroxyapatite columns to remove all contaminants (89) . The purified glycoprotein was concentrated using an Amicon YM-30 (30-kDa-cutoff) ultrafiltration disc (Millipore) and stored at Ϫ80°C until use.
Gp41 Protein Expression and Purification-The gp41 constructs are based on the HXB2 group M subtype B sequence. Gp41 int -Cys and gp41 int -fd contain gp41 residues 584 -684. Part of gp41 heptad repeat region 1 (HR1) is N-terminally fused in-frame with the GCN4 trimerization domain (90) . Gp41 int -fd contains a C-terminal fold-on trimerization domain rendering gp41 int -fd similar to the reported GCN-gp41-inter construct (91) . Both cysteines at positions 598 and 604 have been mutated to serine. Gp41 int -fd has the following sequence: MAQIED-KIEEILSKIYHIENEIARIKKLIGEAERYLKDQQLLGIWGSSG-KLISTTAVPWNASWSNKSLEQIWNNMTWMEWDREIN-NYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWFN-ITNWLWYIKGYIPEAPRDGQAYVR KDGEWVLLSTFL (underlined amino acids correspond to pIIGCN4, italicized amino acids correspond to gp41 HR1, and underlined S corresponds to cystein residues changed to serine). The cDNA was cloned into the expression vector pETM-13.
Gp41 int -Cys is similar to gp41 int -fd but has the C-terminal fold-on domain replaced by a single cysteine. The sequence of the construct is as follows: MAQIEDKIEEILSKIYHIENEIARI-KKLIGEAERYLKDQQLLGIWGSSGKLISTTAVPWNASWS-NKSLEQIWNNMTWMEWDREINNYTSLIHSLIEESQNQQ-EKNEQELLELDKWASLWNWFNITNWLWYIKSC. The cDNA encoding the fusion protein was cloned into the expression vector pETM-13 (European Molecular Biology Laboratory Heidelberg). For small angle x-ray scattering (SAXS) analysis gp41 int -Cys contained an extra tobacco etch virus protease site and a FLAG tag at the C terminus. This construct shows a slightly higher solubility.
Gp41 int -fd was expressed in Escherichia coli strain Rosetta 2 (DE3) (Novagen). Cells were grown to an A 600 nm of 0.6 and induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside at 37°C. After 4 h, cells were harvested by centrifugation and lysed in Tris buffer (20 mM Tris, pH 8.5, 0.1 M NaCl). The soluble fraction was discarded, and the pellet was resuspended in Tris buffer supplemented with 0.1% Triton X-100 (Sigma) overnight at 4°C. Solubilized gp41 int -fd in Tris, 0.1% Triton X-100 buffer was bound to a Q-Sepharose column, and Triton X-100 was removed by excessive washing with Tris buffer. Gp41 int -fd was eluted by applying a 0.05-0.5 M NaCl gradient in Tris buffer. A final purification step included size exclusion chromatography on a Superose 6 column in 20 mM Bicine, pH 9.3, 100 mM NaCl. Gp41 int -Cys was expressed and purified by following the same protocol as for gp41 int -fd with the addition of 10 mM DTT in all buffers. A final purification step included size exclusion chromatography on a Superose 6 column in 20 mM Tris, pH 8.5, 100 mM NaCl, 10 mM DTT. Final gp41 int -Cys yields were 10 mg/liter of E. coli culture, indicating that production can be scaled up and is suitable for good manufacturing practice production for further immunization trials.
SAXS Analysis of Gp41 int -Cys-X-ray scattering data were collected on beam line BM-29 (European Synchrotron Radiation Facility, Grenoble, France) at 20°C, a wavelength of 0.9919 Å, and a sample-to-detector (PILATUS 1M, DECTRIS) distance of 2.849 m. The scattering intensities of the gp41 int -Cys were measured at concentrations of 0.75 and 3 mg/ml in the gel filtration buffer. The data were normalized to the intensity of the incident beam, the scattering of the buffer was subtracted, and the resulting intensities were scaled for concentration. Data processing and analysis were performed using the ATSAS package (92) , and molecular weights were estimated based on the method of Putnam et al. (93) . The final merged scattering data were further evaluated using PRIMUS (94) . The isotropic scattering intensity I(q) was transformed to the distance distribution function P(r) using the program GNOM, which was also used to calculate the particle maximum dimension D max (95) . D max was considered to be optimal when the radius of gyration (R g ) obtained from the P(r) plot was equal to that obtained from the Guinier analysis. For ab initio modeling of the SAXS data, 10 sets of independent models were calculated using Dammin (96) .
Circular Dichroism Spectroscopy-All spectra were recorded on a Jasco J-810 spectropolarimeter at 20°C. Prior to analysis, proteins were dialyzed in 10 mM potassium phosphate, pH 8.0, and the secondary structure content was calculated with the Jasco Spectra Manager 2 software package.
Surface Plasmon Resonance-Surface plasmon resonance analysis was performed with a Biacore X3000 (GE Healthcare). As a flow buffer, 10 mM HEPES, 150 mM NaCl, pH 7.4 with 0.005% P-20 was used. Gp41 int -Cys was immobilized to 1000 response units using 50 g/ml protein in flow buffer on an activated CM-5 sensor chip (GE Healthcare, BR-1000-50) according to the manufacturer's instructions. Specific binding to the target protein was corrected for nonspecific binding to the deactivated control channel. The flow rate was 50 l/min.
Regeneration of the sensor chip was achieved with 100 mM glycine, pH 3.3, 20 mM NaOH for 60 s at 50 l/min. mAb 2F5 was injected at concentrations of 50, 100, and 250 nM, and bnAb 10E8 was injected at concentrations of 1.3 and 6 M. Data were analyzed with BIAevalution software version 4.1. The curves were fitted with separate association and dissociation to obtain reasonable 2 scores and residuals.
Liposome Production and Characterization-Liposomes were prepared with an HIV-1 virus-like lipid composition (97) . The following lipids, phosphatidylserine, phosphatidylcholine, phosphatidylethanolamine, sphingomyelin, 1,2-dipalmitoylsn-glycero-3-phosphothioethanol (Avanti Polar Lipids, Inc.), and cholesterol were dissolved in chloroform and mixed in a 1:1:1:2:0.5:4:5 ratio at a final concentration of 5 mg/ml. After solvent evaporation, the lipid film was dried under vacuum. Multilamellar vesicles were obtained by resuspending the lipid film in PBS buffer to a final lipid concentration of 5 mg/ml. The liposome suspension was extruded through a 100-nm membrane (Whatman). Gp41 int -Cys was extensively dialyzed against Tris buffer without DTT and then mixed with the liposomes at a 2:1 ratio (w/w). Binding of gp41 int -Cys to the liposomes was confirmed by sucrose gradient analysis (0 -40% sucrose in PBS; 12 h at 40,000 rpm) and SDS-PAGE. Priming was performed with proteoliposomes present in the 10 and 20% sucrose fractions, and boosting was performed using the complete mixture of gp41 int -Cys and liposomes with an estimated 30% of gp41 int -Cys cross-linked to liposomes.
For immuno-electron microscopy (EM), gp41 int -Cys proteoliposomes were incubated with bnAb 10E8, and binding was confirmed by sucrose gradient centrifugation. Fractions containing 10E8, gp41 int -Cys, and liposomes were used for immunogold labeling using an adapted protocol. 11 A thin film of carbon was floated in water, picked up with a bare copper grid, and allowed to dry. 4 l of proteoliposome (gp41 int -Cys and mAb 10E8) solution was adsorbed for 1 min on the carbon-coated grid. Excess liquid was blotted away, and the grid was floated on top of a 50-l drop of 0.1% BSA in PBS for 1 min. After a mild blotting, the grid was floated on a 20-l drop of protein A-gold diluted 1:10 or 1:20 in 0.1% BSA in PBS for 20 min and then washed in two successive 100-l drops of water. The grid was stained for 20 s in a 20-l drop of 2% uranyl acetate, blotted, and allow to dry before EM observation on a JEOL 1200EX. The experiments in Carbopol/MF59 were identical except that before staining with uranyl acetate the grid was floated on top of a 20-l drop of Carbopol/MF59 for 5 min and then washed in five consecutive 100-l drops of water. Images were acquired at a nominal magnification of 20,000. The grid squares were scanned for the presence of gold on the liposomes and in the background. It was found that only liposomes displayed more than three to four gold particles; concentration of gold particles in one place was only observed on proteoliposomes and never in the background. This observation was repeated on several EM grids for proteoliposomes in sucrose or after dialysis in PBS and for two different concentrations of protein A-gold. A control with liposomes only was performed, and it was found that they did not cluster the protein A-gold as did the gp41 int -Cys proteoliposomes.
Immunization and Serum Collection-In the pilot study, two groups of four Hartley white female guinea pigs were intramuscularly immunized with gp41 int -Cys (50 g) with or without adjuvants at weeks 0 and 4. The adjuvant used was a combination of Carbopol-971P (Lubrizol) and MF59 (Novartis Vaccines and Diagnostics), formulated according to previous protocols (98) . Carbopol-971P was first prepared as a 2% (w/v) suspension in PBS before mixing 1:1 (v/v) with gp140 CA018 or gp41 int -Cys. The mixture was then added 1:1 (v/v) with 50 l of MF59 and incubated for another 10 min before injection. Serum samples were collected at weeks Ϫ2, 2, and 6, and terminal samples were collected at week 8.
In the immunogenicity study, three groups of six Hartley white female guinea pigs each received four intramuscular immunizations at weeks 0, 6, 12, and 18 (see Table 1 ). Animals received gp140 CA018 (50 g) (group 1) and gp41 int -Cys (50 g) (group 2), respectively, for all four immunizations. Animals in group 3 were primed once at week 0 with gp140 CA018 followed by three boosts with gp41 int -Cys at weeks 6, 12, and 18. Serum samples were collected 2 weeks before and 2 weeks after each immunization at weeks Ϫ2, 2, 8, 14, and 20, and a terminal sample was collected at week 22. All antigens were formulated in Carbopol-971P and MF59 as described previously (98) .
End Point Titer and Avidity Index ELISA-The end point titers of Env-specific antibodies in sera were measured by standard ELISA. Briefly, Maxisorb 96-microwell plates (Nunc) were coated overnight with purified gp41 int -fd protein (50 ng/well) diluted in 100 mM carbonate-bicarbonate coating buffer, pH 9.6 and blocked with 5% nonfat milk in PBS containing 1% Tween 20 (PBST). Serum samples were serially diluted 3-fold with sample buffer (2% BSA in PBST) and added to triplicate wells. A guinea pig-specific IgG conjugated to HRP (Jackson ImmunoResearch Laboratories) was used as secondary antibody (diluted 1:15,000 in sample buffer). Between each step, the plates were washed six times with wash buffer (PBST). The plate was developed with one-step 3,3,5,5-tetramethylbenzidine (Pierce Thermo Scientific) before being stopped with 2 M H 2 SO 4 . Absorbance values were detected at 450 nm using a Bio-Rad iMark microplate reader.
The avidity indices of vaccinated sera were measured by their resistance to 8 M urea in binding to gp41 int -fd antigen. Briefly, microwell plates were prepared and blocked as described above. Serum samples were diluted to give an A 450 nm readout between 1.0 and 1.5 in end point ELISA and were added to two sets of triplicate wells. The wells were then washed three times with either PBS-Tween 20 or 8 M urea in PBS-Tween 20 before incubation with an anti-guinea pig secondary antibody. The plates were washed and developed with 3,3,5,5-tetramethylbenzidine as described above. The avidity index was calculated as the percentage of average urea-treated A 450 nm /average PBS-Tween 20 A 450 nm . Antisera with index values Ͼ50% were designated high avidity, those with index values of 30 -50% were designated intermediate avidity, and those with index values Ͻ30% were designated low avidity.
Anti-lipid ELISA-Antibody response to lipids was measured by ELISA using a protocol described previously (99) . Briefly, cholesterol, cardiolipins, phosphatidylcholine, and phosphatidylserine (Sigma-Aldrich) were prepared in a 1:10 (v/v) solution of chloroform and ethanol and coated onto microwell plates (200 ng/well) overnight. The ELISA was then carried out as described above, and the absorbance values were measured at 450 nm using a Bio-Rad iMark microplate reader.
Anti-MPER Peptide ELISA-Anti-MPER ELISAs were performed according to standard procedures. Briefly, MPER peptides having the sequence KKKNEQELLELDKWASLWN-WFDITNWLWYIRKKK (italicized amino acids are non-MPER amino acids) were coated at 50 ng/well onto microtiter plates and then blocked with 2% BSA. Serial dilutions of serum were added in triplicate and incubated for 2 h at 16°C. Detection of antibody binding was carried out as described above.
Real Time Neutralizing Epitope Competition Assay-The real time neutralizing epitope competition assay was performed as described previously (98) . Briefly, gp41 int -fd protein was coated at 100 ng/well onto microwell plates and then blocked with 2% BSA. The gp41 int -fd protein (100 ng/well) was added in triplicate and incubated for 2 h at 16°C. To determine the approximate epitopes to which the polyclonal sera were raised, antisera from vaccinated animals were diluted according to their end point titer to ϳ1 ϫ 10 4 IgG to compete with Eu 3ϩ -labeled monoclonal antibodies (mAbs) (100 ng/well) for binding to antigens. Enhancement solution (PerkinElmer Life Sciences) was added, and relative luciferase units at 620 nm were measured in an Envision luminometer (PerkinElmer Life Sciences). Avidity of the antisera to the epitopes was determined by reduction in the Eu 3ϩ luminescence intensity of the specific mAb with which the serum was competing. The 2F5, 4E10, and 5F3 mAbs were purchased from Polymun (Vienna, Austria), and Z13e1 was kindly provided by D. R. Burton (Scripps Research Institute).
Neutralization Assay-The TZM-bl assay was carried out using a standard protocol with molecularly cloned pseudoviruses (100). Briefly, pseudovirus was incubated with serially diluted guinea pig antisera for 1 h at 37°C before being placed into wells of 96-well plates seeded with TZM-bl cells. After a 48-h incubation at 37°C, the cells were lysed, and luciferase signal in the lysate was developed with Britelite Plus substrate (1:1, v/v; PerkinElmer Life Sciences) and read in a luminometer. The A3R5 assay was done with replication-competent HIV-1 inserted with Renilla luciferase reporter gene (101) . The inhibition was carried out in the same way described above before being exposed to A3R5 cells and incubated for 4 -6 days at 37°C. The luciferase signal was developed with VivaRen substrate (Promega) and detected with a luminometer.
Statistical Analysis-Comparison of binding, avidity, and neutralization data between groups was performed using a Mann-Whitney U test with GraphPad Prism 6.0 software.
RESULTS
Structural Characterization of Gp41 int -Cys-Gp41 int -Cys contains the trimeric leucine zipper (pIIGCN4) fused in-frame with part of HR1, which prevents refolding of HR2 onto HR1, leading to the six-helical bundle postfusion conformation. The pIIGCN4 chimera is followed by the Cys-loop region, HR2, MPER, and either the C-terminal trimerization fold-on domain (gp41 int -fd) or a C-terminal cysteine (gp41 int -Cys). Because cysteines 598 and 604 formed mixed disulfide bonds as observed previously (102), both residues were mutated to serine (Fig. 1A) . Gp41 int -fd and gp41 int -Cys elute in single peaks at 15.9 and 16.4 ml from a Superose 6 size exclusion chromatography column (Fig. 1B) . Chemical cross-linking demonstrates that they form trimers in solution. SDS-PAGE shows that the monomer band (migrating at ϳ22 kDa) of gp41 int -fd crosslinks to a band migrating at ϳ75 kDa representing the trimer. Likewise, gp41 int -Cys cross-linking shifts the monomer band (ϳ15 kDa) to a new broad band migrating at ϳ50 kDa, which corresponds to a trimeric form (Fig. 1B) . A small amount of gp41 int -fd and gp41 int -Cys cross-link to higher molecular weight species under these conditions (Fig. 1B) .
Gp41 int -Cys was further analyzed by SAXS ( Fig. 2A ). Guinier evaluation resulted in an R g of 3.33 nm and the maximal protein dimension (D max ) of 117 Å was calculated by the distance distribution function P(r) (Fig. 2B) . The shape of gp41 int -Cys was determined ab initio, and the trimer model fits the experimental data with the discrepancy 2 of 0.87 ( Fig. 2A) . Gp41 int -Cys (90); fd, fold-on domain sequence derived from bacteriophage T4 fibritin. The numbering represents that of full-length HXB2 Env. B, both gp41 int -fd and gp41 int -Cys were purified on a Superose 6 gel filtration column, and their respective profiles are shown. Notably, gp41 int -fd is larger and elutes at 15.9 ml, whereas gp41 int -Cys elutes at 16.4 ml. Protein from each peak fraction was cross-linked with 0.5 mM glutaraldehyde and separated by 15% SDS-PAGE. The left panel of the inset shows that gp41 int -fd is cross-linked to a band (*) migrating at ϳ75 kDa, indicating trimer formation (the monomer band migrates at ϳ22 kDa). The right panel of the inset shows the cross-linking results on gp41 int -Cys, which cross-links to a new band (*) migrating at ϳ50 kDa, representing the trimer (the monomer band migrates at ϳ15 kDa).
gp41 int Induces Neutralizing Antibodies
has an elongated ϳ106-Å-long structure with a maximal diameter of 37 Å at the top end, a ϳ60-Å diameter of the middle part, and a 25-Å diameter of the bottom end (Fig. 2C ). We propose that the top end represents the HR1 coiled coil region, which was partly replaced by trimeric pIIGCN4. Docking the pIIGCN4-gp41 hybrid coiled coil into the SAXS envelope corroborates this position for the HR1 part (Fig. 2C ). This is also in agreement with the molecular fit of the gp41 coordinates from the SOSIP.664 gp140 crystal structure (43) , which fit into the top end and the middle part of the SAXS envelope (Fig. 2C) . The SOSIP.664 gp140 crystal structure lacks the Cys-loop region, which could be accommodated by the middle region, and the bottom end would provide space for the missing MPER part (Fig. 2C) . The relatively small 25-Å diameter of the bottom end indicates that all three chains are in close proximity prior to entering the membrane, consistent with a trimerization role for the transmembrane region. We conclude that this potential intermediate conformation of gp41 forms a compact and elongated trimer that will bridge the viral and cellular membrane with a distance of 110 -120 Å depending on the missing 30 N-terminal amino acids (fusion peptide-proximal region and the fusion peptide).
Secondary structure analysis by circular dichroism revealed ϳ55% helices, 8% ␤-strands, 7% turns, and 30% random coil structures. This indicates a relatively low secondary structure content for the rest of gp41 (the Cys-loop region and HR2) because the coiled coil structures of pIIGCN4 and part of HR1 account for 29% helices.
Although the fusion intermediate construct gp41-inter, which is very similar to gp41 int -Cys, was extensively tested for binding to neutralizing anti-MPER antibodies (35, 91) , we tested gp41 int -Cys for binding to bnAbs 10E8 and 2F5. A notable difference between gp41-inter and gp41 int -Cys is that the latter lacks the C-terminal fold-on trimerization domain (Fig.  1A) . Surface plasmon resonance measurements showed nanomolar affinities for both antibodies. MAb 2F5 interacts with a dissociation constant of 5.3 nM, and mAb 8E10 interacts with a dissociation constant of 57 nM. We conclude that gp41 int -Cys has a mostly ␣-helical, elongated structure that interacts with bnAbs 2F5 and 10E8.
Gp41 int -Cys Proteoliposomes-To present the potential fusion intermediate conformation of gp41 int -Cys in a lipid environment, we covalently linked gp41 int -Cys (Fig. 1) to liposomes containing the lipid composition of HIV-1 (97) and small amounts of 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol, which allowed disulfide linkage of the C-terminal cysteine and the thiol group of the lipid, thus placing the MPER region close to the membrane. Successful linkage was confirmed by sucrose gradient analysis, and gp41 int -Cys is shown to float with the liposomes in the upper fractions of the gradient (Fig. 3A) . Dynamic light scattering confirmed a uniform size distribution of liposomes with an average diameter of ϳ100 nm. 50 g per dose was used for each immunization. For immunogold labeling, sucrose gradient-purified gp41 int -Cys proteoliposomes (Fig. 3A, 10 and 20% fractions) were incubated with bnAb 10E8 and again purified by sucrose gradient analysis (data not shown). The presence of gold particles at the edge of the gp41 int -Cys/10E8 proteoliposomes confirmed that membrane-anchored gp41 int -Cys reacted efficiently with bnAb 10E8 (Fig. 3C) .
The stability of the proteoliposomes in the presence of the adjuvant mixture of Carbopol-971P and MF59 was assessed by negative staining EM, which demonstrated that this formulation kept the liposomes intact ( Fig. 3B ) and that bnAb 10E8 could still be detected via gold labeling in the presence of the adjuvant mixture (Fig. 3C) . A pilot immunization study was carried out to test the effect of the adjuvants on the antigenicity of the gp41 int -Cys proteoliposomes. Importantly, we were able to detect low titers of gp41-specific IgG after a single immunization in both adjuvanted and non-adjuvanted groups (Fig. 4A) . The gp41-specific IgG titers increased by a factor of ϳ3 in the adjuvanted group compared with the unadjuvanted groups after two immunizations ( Fig. 4A ; mean ϭ 4.10 ϫ 10 6 versus 1.35 versus 10 6 , respectively; p Ͻ 0.05), indicating that the adjuvant combination was effective in enhancing antigen-specific antibody responses.
Gp41 int -Cys Proteoliposomes Elicited Anti-MPER IgG Responses-The immunogenicity of gp41 int -Cys proteoliposomes was evaluated in vivo by immunization of guinea pigs. Three groups, six guinea pigs each, were immunized four times either with gp41 int -Cys proteoliposomes alone, with trimeric Env gp140 CA018 alone, or with Env gp140 CA018 boosted three times with gp41 int -Cys proteoliposomes ( Table 1 ). All immunizations were done with the combined Carbopol-971P and MF59 adjuvants.
Serum antigen-specific IgG was measured by ELISA at the terminal bleed, which is 4 weeks after the final (fourth) immunization. Although animals immunized with gp140 CA018 alone (group 1) have high binding IgG titers to whole Env glycoprotein (data not shown), little of these antibody responses was directed toward gp41 (mean ϭ 3.6 ϫ 10 4 ; Fig. 4B ). In contrast, animals in group 2 (gp41 int -Cys proteoliposomes) and group 3 (gp140 CA018 plus gp41 int -Cys proteoliposomes) developed strong, gp41-specific antibody responses that were 2-3 logs higher in magnitude (group 2 mean, 1.8 ϫ 10 7 ; p Ͻ 0.01). Priming with gp140 CA018 followed by boosting with gp41 int -Cys proteoliposomes decreased the overall gp41-specific IgG titers (mean, 7.3 ϫ 10 6 ; p Ͻ 0.05). To estimate antibody maturation, avidity of the antisera was measured by the 8 M urea displacement method as described previously (103) . Regardless of the immunization regime, all antisera were found to have high relative avidity indices, defined as Ͼ50% residual binding to gp41 int -fd (Fig. 4C) .
Because anti-MPER nAbs 2F5 and 4E10 have been reported to be polyreactive, we tested the serum IgG responses before and after immunization toward cardiolipin, phosphatidylcholine, phosphatidylserine, and cholesterol. Although no significant binding to the three lipids and to cholesterol was observed in the sera from group 1 (gp140 CA018 ), some animals from group 2 (gp41 int -Cys proteoliposomes) showed binding to cardiolipin (two of six), phosphatidylcholine (two of six), and phos- . IgG titers and relative avidity to gp41 int . A, immunogenicity of gp41 proteoliposomes with or without adjuvants was compared. The gp41 int -Cys proteoliposomes were capable of eliciting modest titers of gp41-specific IgG response after a single immunization regardless of the use of adjuvants. However, the IgG titer was significantly higher after two immunizations when Carbopol-971P and MF59 adjuvants were used compared with the unadjuvanted group. B, the gp41 int -Cys proteoliposome (group 2) elicited significantly higher gp41-specific IgG titers than recombinant gp140 CA018 or prime-boost with gp140 CA018 and gp41 int -Cys. The week Ϫ2 prebleed controls have IgG titers below the detection level (data not shown). C, avidity of the antisera was determined by their resistance to 8 M urea in binding to the gp41 int -fd antigen. Regardless of the immunization regimen, all antisera tested displayed high avidity, defined as Ͼ50% residual binding, as compared with the no-urea controls. Error bars represent S.D.
TABLE 1 Guinea pig immunization regimen and schedule
Animals (six per group) were immunized with different prime-boost regimens as noted in the table. Each animal received four intramuscular injections of 50 g of recombinant gp140 CA018 and/or gp41 int -Cys liposomes. Serum samples were taken 2 weeks prior to the immunization study and 2 weeks after each immunization. A terminal sample was collected 4 weeks after the final immunization. gp41 int Induces Neutralizing Antibodies phatidylserine (one of six) ( Fig. 5 ). We conclude that the immunization scheme did not induce significant polyreactivity.
Gp41 int -Cys Proteoliposomes Elicited Antibodies against MPER-To determine whether the antibodies elicited by the gp41 int -Cys proteoliposomes recognized the neutralization epitopes on the fusion intermediate conformation, the polyclonal antisera were placed to compete with nAbs 2F5, 4E10, and Z13e1 and the non-neutralizing antibody 5F3 for binding to gp41 int -fd. The result demonstrated that the sera from the gp41 int -Cys liposome immunization (group 2) elicited both 2F5-and 4E10-like antibodies as four of six animal antisera could compete off at least 30% of mAb 2F5 (shown as Ͻ70% residual binding), six of six could displace ϳ55% of the 4E10 mAb, whereas none could efficiently compete with Z13e1. Group 3 (gp140 CA018 plus gp41 int -Cys proteoliposomes) revealed a lower activity against 2F5 (three of six) and 4E10 (four of six), and sera from all animals showed cross-reactivity against mAb 5F3. In contrast, group 1 (gp140 CA018 ) demonstrated no significant competition against all four antibodies (Fig. 6A) . Consistent with the competition assay, group 1 (gp140 CA018 ) showed no reactivity against an MPER peptide, whereas all six sera from group 2 (gp41 int -Cys proteoliposomes) revealed significant binding to the MPER peptide up to a 1:1000 serum dilution (Fig. 6B ). Together these results indicate that gp41 int -Cys proteoliposomes but not gp140 CA018 elicited anti-MPER antibodies.
Gp41 int -Cys Proteoliposomes Induced Moderate Neutralizing
Antibody Responses-To analyze the breadth and potency of the immune responses elicited by the two gp41 constructs, unfractionated sera from immunized guinea pigs were tested in the TZM-bl neutralization assay with a panel of HIV and SHIV pseudoviruses ( Table 2 ). Gp41 int -Cys proteoliposomes (group 2) induced moderate neutralization responses to DJ263.8 and MW965.26 with a mean 50% titer ranging from 58 to 276 (Table  2) ; however, the sera failed to neutralize SF162.LS even though all antisera could modestly neutralize BaL.P4, SF162.P3, and SF162.P4 SHIVs ( Table 2) , all of which are subtype B HIV-1 Env chimeric viruses. We speculate that serial passages of these replication-competent SHIVs have induced site mutations in gp41, rendering them more sensitive to neutralization by gp41-specific antibodies; however, this would require confirmation by sequencing.
In contrast, gp140 CA018 was more immunogenic and elicited a good nAb response. All animals (six of six) immunized with this recombinant glycoprotein (group 1) could neutralize 50% of MW965.26 pseudovirus with titers of 1:76,918 or higher ( Table 2 ). They also potently neutralized DJ263.8 and SHIV-1157ipEL-P and moderately neutralized SF162.LS and SHIVs BaL.P4, SF162.P3/P4, and 1157ipd3N4 ( Table 2) . Priming with gp140 CA018 appeared to have little effect on enhancing the magnitude of nAb responses compared with using gp41 int -Cys proteoliposomes alone. Although the 50% neutralization titers OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29919 against MW965.26 increased by 1 log when animals were primed with gp140 CA018 (groups 3 versus groups 2; Table 2 ), this enhancement effect was not observed with other HIV or SHIV pseudoviruses.
gp41 int Induces Neutralizing Antibodies
To investigate whether tier 2 viruses could be neutralized, the antisera were tested against four replication-competent subtype C isolates in the A3R5 assay. All animals (six of six) immunized with gp140 CA018 (group 1) could neutralize at least three of four tier 2 isolates with low to modest titers (Table 3) . Notably, three of six animals receiving gp41 int -Cys proteoliposomes (group 2) were also able to neutralize at least one of the four viruses albeit with lower potency (Table 3 ). In contrast to tier 1 neutralization, priming with gp140 CA018 (group 3) enhanced the breadth of the immune response against tier 2 viruses (Table 3) . Although overall titers against tier 2 viruses were only modest, the data indicate that the gp41 int -Cys proteoliposomes were capable of eliciting nAbs that neutralized tier 2 viruses in the absence of a gp140 prime.
DISCUSSION
We structurally characterized the conformation of gp41 that was previously suggested to represent the fusion intermediate state of gp41 (41) , which assembles during membrane fusion (104) . The low resolution envelope of gp41 int -Cys reveals an elongated structure that could span a distance of Ͼ10 nm between the viral and cellular membranes. Interestingly, the SAXS envelope fits the gp41 coordinates of the native SOSIP.664 gp140 trimer structure reasonably well (43) , although the overall helical content of gp41 int -Cys argues against a complete helical conformation of HR2 if part of MPER is helical. The potential fitting might indicate either that HR2 adopted the intermediate conformation in the crystal structure due to the absence of MPER or that this region does not change substantially in the absence of gp120. Alternatively, because of the low resolution of the SAXS model, the fit may be by chance, and the Cys-loop region and HR2 may adopt a completely different conformation and/or may accommodate MPER in an extended conformation (105) . The bottom end of the SAXS structure is not accounted for by the gp41 coordinates, and we hypothesize that it contains MPER connected to the transmembrane region. This would be in agreement with the small stalk entering the viral membrane identified by EM tomography (106, 107) .
Gp41 int was suggested to be the main target for anti-MPER nAbs 2F5, 4E10, and 10E8 (35, 41) , and the membrane is a crucial factor for anti-MPER antibody neutralization (27) (28) (29) 108) . We therefore used membrane-coupled gp41 int -Cys for immunization of guinea pigs, which may present the membrane-dependent epitopes such that gp41 int might induce antibodies that either need to extract the epitope from the membrane (52, 53) or show significant (25, 26, 109) or low membrane binding activity (35) required for neutralization.
Although liposomes permit efficient antigen presentation to antigen-presenting cells and exhibit a depot-forming property at the injection site (110, 111) , we improved the immunogenicity of the gp41 int -Cys liposomes by the combination of two adjuvants, an anionic polymer (Carbopol-971P) and an oil emulsion (MF59). Carbopol-971P is commonly used for oral or topical application, and MF59 is a licensed adjuvant for influenza vaccine; both can be produced with the good manufacturing practice standard for potential clinical use. This combination has been demonstrated previously to significantly increase binding IgG and neutralization titers in immunization studies with recombinant gp140 as an immunogen (98, 112) . Formulation of gp41 int -Cys proteoliposomes in this adjuvant combination slightly enlarged the liposome diameter but left them intact, and bnAb 10E8 stayed bound to the gp41 proteoliposomes in the adjuvant mixture. Overall the Carbopol/MF59 mixture improved the immunogenicity of the gp41 int -Cys proteoliposomes. FIGURE 6. Interaction with the gp41 MPER sequence. A, competition of serum IgG with anti-MPER antibodies upon binding to gp41 int -fd. In contrast to those immunized with gp140 CA018 , antisera from animals that received gp41 int -Cys were able to weakly out-compete broadly neutralizing mAb 2F5 for binding to gp41 int -fd antigen. Immunization with gp41 int -Cys alone or in prime-boost combination with gp140 CA018 also elicited antibodies that could compete with broadly neutralizing mAb 4E10 and the non-neutralizing 5F3 antibody. Although the epitope of Z13e1 overlaps those of 2F5 and 4E10, none of the antisera displayed were able to out-compete this mAb. B, serial serum dilutions were tested for binding to an MPER peptide. Each serum was tested in triplicate. Each curve represents the average reactions of the sera from group 1 (gp140 CA018 ) and group 2 (gp41 int -Cys proteoliposome) (the sera from 6 animals were pooled and tested 3 times). Error bars represent S.D.
gp41 int Induces Neutralizing Antibodies
Although gp140 int -Cys was based on the peptide sequence of HXB2, we selected gp140 CA018 for the immunization study as it displayed superior immunogenicity to other gp140s and elicited robust neutralization responses in guinea pigs 12 with the aim that it would enhance the neutralization response in a prime-boost strategy with the gp41 int proteoliposomes. The MPER sequences present in gp41 int -Cys and CA018 are largely identical with three conservative changes (N675D, T679E, and N680H) and changes at positions 663 (Glu to Ala) and 669 (Ser to Gly). These small differences might have contributed to the fact that priming with gp140 had no beneficial effect on the generation of anti-gp41 antibodies. In addition, it is likely that gp41 present in gp140 adopts a different conformation than gp41 present in gp41 int -Cys. Therefore the combination of native-like gp41, presumably present in gp140, and gp41 in an intermediate prefusion state might have no combinatorial beneficial effect. Because the immunogenicity of gp120 within 12 R. P. J. Lai, P. Tonks, D. J. Seilly, H. Dreja, and J. L. Heeney, unpublished data.
TABLE 2 Serum neutralization measured by the TZM-bl assay
The 50% neutralization titers are colored-coded to reflect their potency range as indicated. Titers below 40 or less than 3-fold of the corresponding prebleed background are considered non-neutralizing and not color-coded.
TABLE 3 Serum neutralization measured by the A3R5 assay
Antisera were assessed for their ability to neutralize replication-competent tier 2 viruses. The 50% neutralization titers are color-coded according to their potency as indicated. Titers Ͼ20 and at least 3-fold above the corresponding prebleed background are considered neutralizing. The uncolored block indicates no neutralization. gp140 might be dominant, most of the antibodies are directed to gp120 in this combinatorial approach.
Immunization with gp41 int -Cys proteoliposomes produced sera that demonstrated competition with nAbs 2F5 and 4E10 and interacted with an MPER-spanning peptide in a dose-dependent manner, indicating that the sera contained antibodies directed against MPER. Sera from all six animals showed modest neutralization titers against a panel of tier 1 viruses and SHIVs in the stringent TZM-bl assay. Because it has been noted that anti-gp41 antibodies exhibit higher inhibitory activities in peripheral blood mononuclear cell-based assays than the standard TZM-bl cell line-based assay (113) possibly due to a lower surface concentration of CCR5 co-receptors in the former (114), we tested neutralization of a few tier 2 viruses in the A3R5 neutralizing assay (101) . This revealed that most animals produced modest nAb activities to replication-competent tier 2 isolates albeit at lower titers. A gp140 prime-gp41 int -Cys proteoliposome boost immunization regimen resulted in an increase in neutralization of selected tier 1 and tier 2 viruses. However, gp41-specific antibody activities were significantly lower in the gp140 CA018 -primed group, and immunization with gp140 CA018 alone already resulted in antisera that neutralized tier 1 and tier 2 HIV-1 pseudoviruses with potent to modest titers. Therefore improvement in neutralization in the gp140 CA018 prime-gp41 boost group is largely due to the presence of gp120-specific neutralizing antibodies. The potency of anti-gp120 nAbs might be due to an increased half-life, although we did not measure antibody half-life in this study. It has been shown in HIV-1 patients that anti-gp120 antibodies have an average half-life of 81 weeks, whereas anti-gp41 antibodies have an average half-life of 33 weeks (115) . Therefore prolonged immunization regimens with repeated doses of gp41 might be required to further improve the neutralization antibody breadth to a level comparable with that induced by gp140.
Although many gp41 antigens have been tested in the past, only a few studies reported tier 1 and tier 2 virus neutralization with animal sera using the standard TZM-bl standard assay (65), enriched total IgGs (116) , and isolated antibodies (86, 117) . Using a strategy similar to that described here, a gp140 oligomer prime followed by MPER peptide-liposome boost strategy resulted in antibodies that reacted with the gp41 fusion intermediate construct described by Frey et al. (41) and the 2F5 epitope; however, no neutralization was observed, indicating that the complete fusion intermediate conformation coupled to liposomes is a better immunogen than MPER peptides coupled to membranes (85) .
Anti-MPER bnAbs bind antigen and membrane components (26, 52, 53) . We therefore measured the IgG responses to three lipids, cardiolipin, phosphatidylcholine, phosphatidylserine, and to cholesterol. However, only a few animals that received gp41 int -Cys proteoliposomes showed modest interaction with the lipids, consistent with the elimination of polyreactive antibodies by B cell tolerance mechanisms (33, 34) . Because of the small sample size, we cannot determine whether the lack of polyreactivity observed in the animal is associated with the modest to weak neutralization of tier 2 isolates. However, the significance of weak polyreactivity is difficult to determine as shown for mAb 10E8 (14, 35) . Notably, the immunization-induced llama nanobody 2H10 did not interact with lipids or membranes in vitro but nevertheless required a tryptophan within its CDR3 for neutralization but not for antigen binding (86) .
In summary, using the gp41 int -Cys proteoliposomes, we were able to obtain promising humoral responses against gp41 that showed neutralization using the stringent TZM-bl assay. This provides an important proof of concept that liposome-based approaches carrying the fusion intermediate conformation of gp41 have the potential to induce neutralizing antibodies in animal models. The generation of antibodies with increased breadth and potency will require additional modifications such as immunofocusing on the MPER region by using a set of different gp41 int -Cys sequences, enhanced coupling of gp41 int -Cys to liposomes, prolonged immunization schemes, novel nanoparticles combined with proteoliposomes, or combinations thereof.
